Abstract: Vibratory stress relief (VSR) is a highly efficient and low-energy consumption method to relieve and homogenize residual stresses in materials. Thus, the effect of VSR on the fatigue life should be determined. Standard fatigue specimens are fabricated to investigate the fatigue life of Ti-6Al-4V titanium alloy treated by VSR. The dynamic stresses generated under different VSR amplitudes are measured, and then the relationship between the dynamic stress and vibration amplitude is obtained. Different specimen groups are subjected to VSRs with different amplitudes and annealing treatment with typical process parameters. Residual stresses are measured to evaluate the stress relieving effects. Finally, the fatigue behavior under different states is determined by uniaxial tension-compression fatigue experiments. Results show that VSR and annealing treatment have negative effects on the fatigue life of Ti-6Al-4V. The fatigue life is decreased with the increase in VSR amplitude. When the VSR amplitude is less than 0.1 mm, the decrease in fatigue limit is less than 2%. Compared with specimens without VSR or annealing treatment, the fatigue limit of the specimens treated by VSR with 0.2 mm amplitude and annealing treatment decreases by 10.60% and 8.52%, respectively. Although the stress relieving effect is better, high amplitude VSR will lead to the decrease of Ti-6Al-4V fatigue life due to the defects generated during vibration. Low amplitude VSR can effectively relieve the stress with little decrease in fatigue life.
Introduction
Residual stresses exist in many fabricated structures due to plastic deformation from thermal and mechanical operations during manufacturing [1] . The presence of residual stresses in engineering components and structures significantly affect the fatigue behavior [2] , strength [3] , and dimensional stability [4] . Many studies have been conducted to investigate the effects of residual stress on the fatigue life of different materials [5] [6] [7] . The effects of residual stress and surface hardness on the fatigue life under different cutting conditions of 0.45%C steel were studied by Sasahara [8] . Their experimental results show that the fatigue life of machined components can be increased if compressive residual stress and high hardness within surface layer can be induced by a cutting process. Fatigue crack growth from a hole with a pre-existing compressive residual stress was simulated utilizing the 2D elastic-plastic finite element (FE) model by LaRue and Daniewic [9] . Pouget and Reynolds [10] determined that fatigue crack propagation in friction stir-welded AA2050 was strongly linked with the presence of residual stresses, and compressive residual stresses in the heat affected zone were responsible for the apparent improvement of fatigue behavior when the crack approached the weld.
Surface compressive stress can inhibit the initiation and propagation of fatigue cracks. Some processes, such as rolling, laser peening and shot peening, are utilized to improve the fatigue life by inducing surface compressive residual stress. The effect of different shot peening treatments on the reverse bending fatigue behavior of 7075-T651 aluminum alloy was investigated by Benedetti et al. [11] . They demonstrated that controlled shot peening that employed ceramic beads determined a remarkable increment of the high-cycle fatigue resistance, which ranges between 15% and 50%. Nikitin et al. [12] found that laser shock peening produced similar amounts of lifetime enhancements as deep rolling. The cycle, stress amplitude and temperature-dependent relaxation of compressive residual stresses was more pronounced than the decrease of near-surface work hardening. Bagherifard et al. [13] concluded that severe shot peening induced near surface grain refinement to nano and sub-micron range and transformed the austenite phase into strain-induced α'-martensite in a layered deformation band structure. The effect of small defects on fatigue threshold of different series of nitride and nitride-shot peened low alloy steel specimens was investigated by Fernández-Pariente et al. [14] through experiments.
Some researchers show interest in the fatigue behavior of Ti-6Al-4V. Zabeen et al. [15] evaluated the changing tendency of the Ti-6Al-4V titanium alloy residual stress field with fatigue crack growth after laser shock peening. Yamashita et al. [16] investigated the method of estimating the fatigue strength of small notched Ti-6Al-4V specimen using the theory of critical distance that employed the stress distribution in the vicinity of the notch root. Bourassa et al. [17] explored surface thermal/mechanical processing of Ti-6Al-4V to improve the fatigue strength of microknurled specimens via the production of a Ti-6Al-4V dual microstructure. Golden et al. [18] investigated the fatigue variability of an alpha + beta processed Ti-6Al-4V turbine engine alloy by conducting a statistically significant number of repeated tests at a few conditions.
The stress relieving process is generally conducted to improve the fatigue life and dimensional accuracy [19] . Natural stress relief, thermal stress relief (TSR), and vibratory stress relief (VSR) [20] are the most common methods. VSR is a general term used to refer to the reduction of residual stress by means of cyclic loading treatments. When the superposition of the dynamic stress and initial residual stress reaches the elastic limit of the material, plastic deformations occur in local positions, which leads to the residual stress release. Low cyclic stress amplitude can also release the stress after enough cycle times due to the generation of dislocation slip and multiplication at the micro level [21] . As a highly efficient and low-energy consumption method, VSR has received much attention from scholars and engineers in recent years. Sun et al. [22] concluded that the tensile properties of a marine shafting of 35# bar steel bar changed slightly before and after vibration, whereas the macro residual stress decreased notably by approximately 48%. Results in literature [23] show that the macro-residual stresses of the welded steel plates of D6AC and D406A decreased to 0 ± 25 MPa after VSR. Wang et al. [24] believed that the relaxation effect of compressive residual stress after VSR was better than that of tensile residual stress; the compressive residual stress and texture density increased first and then decreased with an increase in the vibration time. The said researchers also determined in another study that the strong basal textures of AZ31 Mg alloys would be weaken when the vibration time was more than 10 min [25] .
Moreover, a residual stress decrease model of 304L under cyclic loading was established by Rao et al. [26] to evaluate the VSR effectiveness. Kwofie [27] proposed a theoretical plasticity model to study the residual stress relief mechanism under mechanical vibration. A combined method of TSR and VSR (TVSR) to extend the VSR effects was proposed by Lv and Zhang [28] . Their experimental results show that the maximum stress of the 7075 aluminum alloy plate decreased by 55.9% and 13.4% after TVSR and VSR, respectively. A mathematical model based on plasticity theorem with linear kinematic hardening was presented by Vardanjani et al. [29] to explain the reduction mechanism of residual stresses caused by VSR.
Nowadays, researchers have divergent opinions about the VSR effects on the fatigue life. Several of them believe that VSR can decrease the fatigue life, but others hold the opposite view. Djuric et al. [30] evaluated the fractal dimension of welded high-strength martensitic steel utilizing Barkhausen Noise Analysis and observed an increase in the fatigue damage to the microstructure due to the applied VSR treatment. This study indicates that VSR can have a negative effect on the fatigue life. Wozney and Crawmer [31] indicated that stress reduction did not occur uniformly throughout vibrated structures, and the possibility of fatigue damage during VSR treatment couldn't be neglected. On the contrary, the VSR and TSR effects on the fatigue lives of welded specimens made of 0.18% carbon steel were investigated by Munsi et al. [32] . Their experimental results show that the fatigue lives of the specimens treated by TSR decreased by 43%, whereas those treated by VSR increased by 17%. Song and Zhang [33] determined that vibratory stress relief could improve the fatigue life of 7075-T651 aluminum alloy when the dynamic stress was less than 8% of the yield limit.
Therefore, the VSR effect on the fatigue life is still ambiguous. VSR can have different effects on the fatigue life of different materials. The present study manufactures a batch of standard fatigue specimens to investigate the fatigue life of Ti-6Al-4V titanium alloy treated by VSR. Dynamic stresses generated under different VSR amplitudes are initially measured, and then the relationship between dynamic stress and vibration amplitude is obtained. VSRs with 0.03, 0.05, 0.1, and 0.2 mm amplitude and annealing treatment with typical process parameters are then conducted on five specimen groups. Another specimen group without any treatment is employed for comparison. The residual stresses of each group are subsequently measured to study the stress relieving effect. Finally, the fatigue limits and cyclic stress amplitude-logarithm of cycle numbers (S-lgN) curves under different states are obtained by uniaxial tension-compression fatigue experiments.
Experiments
Standard fatigue specimens are manufactured from φ30 mm × 200 mm (diameter × length) extrusion Ti-6Al-4V titanium alloy bars. The specimen shape and size ( Figure 1 ) are determined based on the China National Standard GB/T 3075-2008. Threads on both ends are utilized for clamping in the experiments.
A cylindrical counterweight with 40 mm diameter and 30 mm length, which is also made of Ti-6Al-4V titanium alloy, is added to one end of the specimen to lower the natural frequency and increase the dynamic stress (Figure 2a ). The counterweight is fixed to the specimen by a thread in the dynamic stress measurement and VSR tests. Djuric et al. [30] evaluated the fractal dimension of welded high-strength martensitic steel utilizing Barkhausen Noise Analysis and observed an increase in the fatigue damage to the microstructure due to the applied VSR treatment. This study indicates that VSR can have a negative effect on the fatigue life. Wozney and Crawmer [31] indicated that stress reduction did not occur uniformly throughout vibrated structures, and the possibility of fatigue damage during VSR treatment couldn't be neglected. On the contrary, the VSR and TSR effects on the fatigue lives of welded specimens made of 0.18% carbon steel were investigated by Munsi et al. [32] . Their experimental results show that the fatigue lives of the specimens treated by TSR decreased by 43%, whereas those treated by VSR increased by 17%. Song and Zhang [33] determined that vibratory stress relief could improve the fatigue life of 7075-T651 aluminum alloy when the dynamic stress was less than 8% of the yield limit. Therefore, the VSR effect on the fatigue life is still ambiguous. VSR can have different effects on the fatigue life of different materials. The present study manufactures a batch of standard fatigue specimens to investigate the fatigue life of Ti-6Al-4V titanium alloy treated by VSR. Dynamic stresses generated under different VSR amplitudes are initially measured, and then the relationship between dynamic stress and vibration amplitude is obtained. VSRs with 0.03, 0.05, 0.1, and 0.2 mm amplitude and annealing treatment with typical process parameters are then conducted on five specimen groups. Another specimen group without any treatment is employed for comparison. The residual stresses of each group are subsequently measured to study the stress relieving effect. Finally, the fatigue limits and cyclic stress amplitude-logarithm of cycle numbers (S-lgN) curves under different states are obtained by uniaxial tension-compression fatigue experiments.
A cylindrical counterweight with 40 mm diameter and 30 mm length, which is also made of Ti-6Al-4V titanium alloy, is added to one end of the specimen to lower the natural frequency and increase the dynamic stress (Figure 2a ). The counterweight is fixed to the specimen by a thread in the dynamic stress measurement and VSR tests. 
Dynamic Stress Measurement Tests
Dynamic stress, which is the key factor that affects the stress relieving effect and fatigue life, is generated in the specimen during the VSR process. The dynamic stress magnitude can be controlled by changing the vibration magnitude. Therefore, dynamic stress measurement tests are conducted to obtain the relationship between the vibration magnitude and generated dynamic stress before the VSR tests. 
Dynamic stress, which is the key factor that affects the stress relieving effect and fatigue life, is generated in the specimen during the VSR process. The dynamic stress magnitude can be controlled by changing the vibration magnitude. Therefore, dynamic stress measurement tests are conducted to obtain the relationship between the vibration magnitude and generated dynamic stress before the VSR tests.
A modal analysis is performed to calculate the vibration modes utilizing ANSYS Finite Element Analysis (FEA) software [34, 35] , as well as determine the strain measuring point and exciting frequency in the dynamic stress measurement and VSR tests. The FEA modal analysis steps are described as Metals 2017, 7, 158 4 of 13 follows: (1) a 3D geometry model is imported; (2) the element type is selected as Solid 185; (3) the material properties are defined as shown in Table 1 , which is provided by the manufacturer (Hangzhou Hengchao Metallic Materials Co., Ltd., Hangzhou, China); (4) the FE model is built ( Figure 2a) ; (5) the boundary conditions are defined; (6) a solution is generated; and (7) the results are outputted. A modal analysis is performed to calculate the vibration modes utilizing ANSYS Finite Element Analysis (FEA) software [34, 35] , as well as determine the strain measuring point and exciting frequency in the dynamic stress measurement and VSR tests. The FEA modal analysis steps are described as follows: (1) a 3D geometry model is imported; (2) the element type is selected as Solid 185; (3) the material properties are defined as shown in Table 1 , which is provided by the manufacturer (Hangzhou Hengchao Metallic Materials Co., Ltd., Hangzhou, China); (4) the FE model is built ( Figure 2a) ; (5) the boundary conditions are defined; (6) a solution is generated; and (7) the results are outputted. Simulation results show that the natural frequency of the first vibration mode is 52.07 Hz, and the maximum stress occurs in the middle of the specimen (Figure 2a ). Thus, a strain rosette that consists of 0° (axial direction of the specimen), 45°, and 90° (perpendicular to the axial direction of the specimen) direction strain gauges is attached onto the middle of the specimen (Figure 2b) .
A V8-440 HBT 900C vibration table (LDS Test and Measurement Ltd., Royston, England) is employed as the excitation equipment, and the dynamic strain gauge and digital signal-processing system produced by China Orient Institute of Noise & Vibration are utilized for the dynamic strain measurement and signal acquisition. The experimental setup is shown in Figure 3 .
One end of the specimen without the counterweight is fixed to the vibration table, whereas the other end with a counterweight is free. The exciting frequency is set at 52 Hz according to the FEM simulation results. A total of 20 experimental sets are performed with 20 different vibration amplitudes. The vibration amplitudes (peak-to-peak value) range from 0.01 mm to 0.2 mm. The vibration direction is parallel to the normal direction of the strain rosette plane and perpendicular to the direction of the specimen's axial direction.
The vibration time at each amplitude is 1 min, and the effective values of dynamic strains at the 0°, 45°, and 90° directions can be read from the digital signal-processing system. Dynamic stresses can then be calculated utilizing Equations (1)-(3) [36] : Simulation results show that the natural frequency of the first vibration mode is 52.07 Hz, and the maximum stress occurs in the middle of the specimen (Figure 2a ). Thus, a strain rosette that consists of 0 • (axial direction of the specimen), 45 • , and 90 • (perpendicular to the axial direction of the specimen) direction strain gauges is attached onto the middle of the specimen (Figure 2b) .
The vibration time at each amplitude is 1 min, and the effective values of dynamic strains at the 0 • , 45 • , and 90 • directions can be read from the digital signal-processing system. Dynamic stresses can then be calculated utilizing Equations (1)-(3) [36] :
where ε a , ε b , and ε c are the measured strains at the 0 • , 45 • , and 90 • directions, respectively; σ 1 , σ 2 , and σ 3 are the first, second, and third principal stresses, respectively (σ 3 is zero in the plane problems); σ eqv is the equivalent stress (von Mises stress); E is the elastic modulus; and µ is Poisson's ratio. Thus, the generated dynamic stresses under different amplitudes can be obtained. 
where εa, εb, and εc are the measured strains at the 0°, 45°, and 90° directions, respectively; σ1, σ2, and σ3 are the first, second, and third principal stresses, respectively (σ3 is zero in the plane problems); σeqv is the equivalent stress (von Mises stress); E is the elastic modulus; and μ is Poisson's ratio. Thus, the generated dynamic stresses under different amplitudes can be obtained. 
VSR Tests
VSR tests are performed utilizing the same vibration table and fixture as the dynamic stress measurement tests. A total of 240 specimens are evenly divided into six groups (Figure 4 ). The specimens in Group A are in their original state without VSR or heat treatment. Four typical vibration amplitudes, which correspond to four typical dynamic stress levels, are selected based on the dynamic stress measurement test results. Thus, VSRs with 0.03, 0.05, 0.1, and 0.2 mm vibration amplitudes are performed on the specimens in Groups B, C, D, and E, respectively. The vibration time for each specimen is 10 min.
Moreover, annealing treatment is conducted on the specimens in Group F for comparison. The specimens are placed in a WZH-60 vacuum heat treatment furnace (produced by Beijing Research Institute of Mechanical & Electrical Technology, Beijing, China) and heated to 600 °C. The temperature is maintained at 600 °C for 6 h [37] . The specimens are then removed from the furnace and cooled to room temperature in open air. 
Moreover, annealing treatment is conducted on the specimens in Group F for comparison. The specimens are placed in a WZH-60 vacuum heat treatment furnace (produced by Beijing Research Institute of Mechanical & Electrical Technology, Beijing, China) and heated to 600 • C. The temperature is maintained at 600 • C for 6 h [37] . The specimens are then removed from the furnace and cooled to room temperature in open air.

Residual Stress Measurement Tests
One of the 40 specimens in each group is selected for the residual stress measurement tests after VSR and annealing treatment. In particular, the measured stresses of the specimens in Group A reflect the original stresses without VSR or annealing treatment. Hence, the stresses before and after VSR and annealing treatment can be obtained.
The Prism System (produced by Stresstech Group, Vaajakoski, Finland, which is a residual stress measurement device based on the hole-drilling method and electronic speckle pattern interferometry technique, and a φ1.6 mm cemented carbide micro-milling cutter with titanium nitride coating (Richards Micro-Tool, Inc., Plymouth, MA, USA) are employed for the residual stress measurement ( Figure 5 ). The measuring point is the same as the position where the strain rosette is attached (Figure 2b ) in the dynamic stress measurement tests. A small hole with 1.6 mm diameter and 1 mm depth is drilled on the specimen by the micro-milling cutter. Hence, the stresses from the surface to 1 mm depth at the measuring point can be obtained. 
Uniaxial Tension-Compression Fatigue Experiments
The high-frequency fatigue testing machine QBG 200 (Changchun Qianbang Test Equipment Co., Ltd., Changchun, China) is adopted to perform the uniaxial tension-compression fatigue experiments ( Figure 6 ). The stress ratio R is −1, and the load frequency is set at 81.7 Hz with a 5 Hz drop protection. The alternating and average load protections are both set at ±5 KN, ambient temperature is 25 °C, and relative humidity is 39.2%.
A total of 14 specimens from each group are selected to determine the fatigue limit. The up and down method [38] is applied, whose procedure is described in Figure 7 . The cyclic stress amplitude of the first specimen for Group A is set at 520 MPa, which is slightly higher than half of the titanium alloy yield limit (490 MPa). The measured fatigue limit of Group A (original state) indicates that the cyclic stress amplitude of the first specimen for Groups B, C, D, E, and F are set at 500, 500, 490, 450, and 470 MPa, respectively. 
The high-frequency fatigue testing machine QBG 200 (Changchun Qianbang Test Equipment Co., Ltd., Changchun, China) is adopted to perform the uniaxial tension-compression fatigue experiments ( Figure 6 ). The stress ratio R is −1, and the load frequency is set at 81.7 Hz with a 5 Hz drop protection. The alternating and average load protections are both set at ±5 KN, ambient temperature is 25 • C, and relative humidity is 39.2%.
A total of 14 specimens from each group are selected to determine the fatigue limit. The up and down method [38] is applied, whose procedure is described in Figure 7 . The cyclic stress amplitude of the first specimen for Group A is set at 520 MPa, which is slightly higher than half of the titanium alloy yield limit (490 MPa). The measured fatigue limit of Group A (original state) indicates that the cyclic stress amplitude of the first specimen for Groups B, C, D, E, and F are set at 500, 500, 490, 450, and 470 MPa, respectively. Fracture commonly occurs to the first specimen due to the high cyclic stress amplitude. No fracture occurs to one specimen within 10 7 cycle times for the first time with the decrease in the cyclic stress amplitude. The first appearance of the no-fractured specimen and its previous fractured specimen are considered as effective specimens. If two specimens have the opposite fracture results (i.e., one is fractured, whereas the other is unfractured) and adjacent cyclic stress amplitude (±10 MPa), then both are regarded as effective specimens. The fatigue limit can then be calculated by Equation (4): Fracture commonly occurs to the first specimen due to the high cyclic stress amplitude. No fracture occurs to one specimen within 10 7 cycle times for the first time with the decrease in the cyclic stress amplitude. The first appearance of the no-fractured specimen and its previous fractured specimen are considered as effective specimens. If two specimens have the opposite fracture results (i.e., one is fractured, whereas the other is unfractured) and adjacent cyclic stress amplitude (±10 MPa), then both are regarded as effective specimens. The fatigue limit can then be calculated by Equation (4): Fracture commonly occurs to the first specimen due to the high cyclic stress amplitude. No fracture occurs to one specimen within 10 7 cycle times for the first time with the decrease in the cyclic stress amplitude. The first appearance of the no-fractured specimen and its previous fractured specimen are considered as effective specimens. If two specimens have the opposite fracture results (i.e., one is fractured, whereas the other is unfractured) and adjacent cyclic stress amplitude (±10 MPa), then both are regarded as effective specimens. The fatigue limit can then be calculated by Equation (4): where m is the total number of effective specimens; n is the number of cyclic stress amplitudes; σ i is the ith cyclic stress amplitude; and v i is the number of specimens at σ i cyclic stress amplitude. After the fatigue limit is determined, 25 (5 × 5) of the 40 specimens in each group are selected to obtain the S-lgN curve with the grouping method [38] . Five cyclic stress amplitudes of each group are selected based on the fatigue limit. The fatigue cycles of 5 specimens under each cyclic stress amplitude are measured. Chauvenet's criterion [39] is employed to filter the experimental data and calculate the average fatigue cycle under each stress amplitude. Thus, the S-lgN curve of each group can be drawn.
Results and Discussion
Dynamic Stress Measurement Tests
The dynamic stress measurement test results are shown in Figure 8a ,b. The first principal, second principal, and equivalent stresses under different amplitudes are calculated using Equations (1)-(3). This study utilizes the equivalent stress to reflect the dynamic stress magnitude. Figure 8b shows that the equivalent stress generated in the VSR can be expressed by VSR amplitude (denoted by A) utilizing the linear fitting method in Equation (5):
The dynamic stress increases linearly with the amplitude increase. where m is the total number of effective specimens; n is the number of cyclic stress amplitudes; σi is the ith cyclic stress amplitude; and vi is the number of specimens at σi cyclic stress amplitude. After the fatigue limit is determined, 25 (5 × 5) of the 40 specimens in each group are selected to obtain the S-lgN curve with the grouping method [38] . Five cyclic stress amplitudes of each group are selected based on the fatigue limit. The fatigue cycles of 5 specimens under each cyclic stress amplitude are measured. Chauvenet's criterion [39] is employed to filter the experimental data and calculate the average fatigue cycle under each stress amplitude. Thus, the S-lgN curve of each group can be drawn.
Results and Discussion
Dynamic Stress Measurement Tests
The dynamic stress measurement test results are shown in Figure 8a ,b. The first principal, second principal, and equivalent stresses under different amplitudes are calculated using Equations (1)-(3). This study utilizes the equivalent stress to reflect the dynamic stress magnitude. Figure 8b shows that the equivalent stress generated in the VSR can be expressed by VSR amplitude (denoted by A) utilizing the linear fitting method in Equation (5) 
Residual Stress Measurement Tests
Plane stresses, including normal stresses in two mutually perpendicular directions and shear stress, are measured in the residual stress measurement tests. The first principal stress is calculated to compare the residual stress change before and after VSR or annealing treatment. The residual stresses of Groups A to F are shown in Figure 9a ,b. Figure 9a shows that the magnitude of the first principal stress on the surface layer (0.02 mm-0.1 mm depth) of each group is much larger than those in the deeper layer (0.1 mm-1 mm) because of the machining-induced residual stress [40, 41] . The peak and average stresses of Group A are significantly larger than those of Groups B to F. This scenario indicates that VSR and annealing treatment largely contribute to the stress relief and homogenization of Ti-6Al-4V titanium alloy.
Comparing the results of Groups B to E shows that the stress magnitude decreased when the VSR amplitude increased. Therefore, a higher amplitude that generates a higher dynamic stress during VSR is more conducive to the relief and homogenization of the residual stress than the lower amplitude. 
Plane stresses, including normal stresses in two mutually perpendicular directions and shear stress, are measured in the residual stress measurement tests. The first principal stress is calculated to compare the residual stress change before and after VSR or annealing treatment. The residual stresses of Groups A to F are shown in Figure 9a ,b. Figure 9a shows that the magnitude of the first principal stress on the surface layer (0.02 mm-0.1 mm depth) of each group is much larger than those in the deeper layer (0.1 mm-1 mm) because of the machining-induced residual stress [40, 41] . The peak and average stresses of Group A are significantly larger than those of Groups B to F. This scenario indicates that VSR and annealing treatment largely contribute to the stress relief and homogenization of Ti-6Al-4V titanium alloy. Comparing the results of Groups B to E shows that the stress magnitude decreased when the VSR amplitude increased. Therefore, a higher amplitude that generates a higher dynamic stress during VSR is more conducive to the relief and homogenization of the residual stress than the lower amplitude.
(a) (b) Figure 9 . Measured stresses of Groups A to F after the VSR tests: (a) first principal stresses along the depth direction; and (b) comparison of the measured stress among the different groups (i.e., σsurf, σmax, and σave denote the stresses at 0.02 mm depth, absolute value of the peak stress, and average stress along the depth direction, respectively).
Uniaxial Tension-Compression Fatigue Experiments
The fatigue limits of the specimens in Groups A to F are shown in Figure 10 , whereas the S-lgN curves of Groups A to F are shown in Figure 11 . The fatigue limit, surface residual stress, average stress, and dynamic stress of each group are compared in Table 2 . Figures 10 and 11 , as well as Table  2 , show that the fatigue limits of Groups B to F are smaller than that of Group A. The fatigue limit decreased with the increase in the VSR vibration amplitude. The fatigue limit of Group F is smaller than those of Groups B, C, and D, but slightly larger than that of Group E. The S-lgN curve also decreased with the vibration amplitude increase. The S-lgN curve of Group F is generally lower than those of Groups B to E.
The fatigue life of Ti-6Al-4V titanium alloy decreased with the increase in the VSR vibration amplitude. Although the fatigue limit of Ti-6Al-4V titanium alloy decreased by 1.25%, 1.25%, and 1.87% after 0.03, 0.05, and 0.1 mm amplitude VSR, the surface residual stress (at 0.02 mm depth) decreased by 60.05%, 50.23%, and 84.29%, respectively. The average residual stress within 1 mm depth also decreased by 90.99%, 67.02%, and 74.68%, respectively. When the amplitude reaches 0.2 mm, the fatigue limit decreased by 10.06%, the surface stress decreased by 90.18%, and the average stress decreased by 68.68%. The fatigue limit after the annealing treatment decreased by 8.52%, the surface stress decreased by 97.28%, and the average stress decreased by 39.87%. These results indicate that low-amplitude VSR can significantly lower and homogenize the residual stress of Ti-6Al-4V titanium alloy with an extremely low cost to the fatigue life. By contrast, the high-amplitude VSR and annealing treatment have several negative effects on the fatigue life. Measured stresses of Groups A to F after the VSR tests: (a) first principal stresses along the depth direction; and (b) comparison of the measured stress among the different groups (i.e., σ surf , σ max , and σ ave denote the stresses at 0.02 mm depth, absolute value of the peak stress, and average stress along the depth direction, respectively).
The fatigue limits of the specimens in Groups A to F are shown in Figure 10 , whereas the S-lgN curves of Groups A to F are shown in Figure 11 . The fatigue limit, surface residual stress, average stress, and dynamic stress of each group are compared in Table 2 . Figures 10 and 11 , as well as Table 2 , show that the fatigue limits of Groups B to F are smaller than that of Group A. The fatigue limit decreased with the increase in the VSR vibration amplitude. The fatigue limit of Group F is smaller than those of Groups B, C, and D, but slightly larger than that of Group E. The S-lgN curve also decreased with the vibration amplitude increase. The S-lgN curve of Group F is generally lower than those of Groups B to E.
The fatigue life of Ti-6Al-4V titanium alloy decreased with the increase in the VSR vibration amplitude. Although the fatigue limit of Ti-6Al-4V titanium alloy decreased by 1.25%, 1.25%, and 1.87% after 0.03, 0.05, and 0.1 mm amplitude VSR, the surface residual stress (at 0.02 mm depth) decreased by 60.05%, 50.23%, and 84.29%, respectively. The average residual stress within 1 mm depth also decreased by 90.99%, 67.02%, and 74.68%, respectively. When the amplitude reaches 0.2 mm, the fatigue limit decreased by 10.06%, the surface stress decreased by 90.18%, and the average stress decreased by 68.68%. The fatigue limit after the annealing treatment decreased by 8.52%, the surface stress decreased by 97.28%, and the average stress decreased by 39.87%. These results indicate that low-amplitude VSR can significantly lower and homogenize the residual stress of Ti-6Al-4V titanium alloy with an extremely low cost to the fatigue life. By contrast, the high-amplitude VSR and annealing treatment have several negative effects on the fatigue life. (a) (b) Figure 9 . Measured stresses of Groups A to F after the VSR tests: (a) first principal stresses along the depth direction; and (b) comparison of the measured stress among the different groups (i.e., σsurf, σmax, and σave denote the stresses at 0.02 mm depth, absolute value of the peak stress, and average stress along the depth direction, respectively).
The fatigue life of Ti-6Al-4V titanium alloy decreased with the increase in the VSR vibration amplitude. Although the fatigue limit of Ti-6Al-4V titanium alloy decreased by 1.25%, 1.25%, and 1.87% after 0.03, 0.05, and 0.1 mm amplitude VSR, the surface residual stress (at 0.02 mm depth) decreased by 60.05%, 50.23%, and 84.29%, respectively. The average residual stress within 1 mm depth also decreased by 90.99%, 67.02%, and 74.68%, respectively. When the amplitude reaches 0.2 mm, the fatigue limit decreased by 10.06%, the surface stress decreased by 90.18%, and the average stress decreased by 68.68%. The fatigue limit after the annealing treatment decreased by 8.52%, the surface stress decreased by 97.28%, and the average stress decreased by 39.87%. These results indicate that low-amplitude VSR can significantly lower and homogenize the residual stress of Ti-6Al-4V titanium alloy with an extremely low cost to the fatigue life. By contrast, the high-amplitude VSR and annealing treatment have several negative effects on the fatigue life. When σd + σr (σr is the residual stress, whereas σd is the dynamic stress in the VSR) is larger than the yield limit of the material in the local position, micro-plastic deformation occurs, and the internal residual stress is redistributed. The residual stress magnitude then decreases with the formation of a new stress equilibrium [42] . Therefore, micro-plastic deformation and stress redistribution that occur during the VSR process are the main reasons for the decrease and homogenization of residual stress.
The formation of fatigue damage can be divided into three stages: crack initiation, crack propagation, and instantaneous fracture. The crack is commonly generated in high stress areas under a cyclic load. The measured value of the strain gauge reflects the average strain in a certain area. Although the dynamic stress measured by the strain rosette is less than 60 MPa, the dynamic stress generated at the local position can be much larger than the measured value during the VSR process. The dynamic stress coupled with the initial residual stress can lead to local stress concentration, which then generates micro-cracks. This scenario explains the decrease in the fatigue life after VSR. Fewer cracks are produced after lower-amplitude VSR because lower dynamic stress is generated, and fewer stress concentration areas emerge during vibration. When the amplitude is less than a certain value, only a handful of cracks occur. Thus, the fatigue life slightly decreases. More cracks occur with the increases in the amplitude and dynamic stress. A larger decrease in the fatigue life is then observed after high-amplitude VSR.
Moreover, Figure 9a shows that the tensile stresses on the specimen surfaces in the original state, which are conducive to the initiation and propagation of fatigue cracks, are largely eliminated by VSR and annealing treatment. The decrease in the fatigue life demonstrates that the negative effects caused by the micro-crack generation during VSR are greater than the positive effects caused by the elimination of tensile stresses on the surface. If the surface residual stresses of the specimens in the original state is compressive, then a larger decrease in the fatigue life after VSR could be observed.
It should be noted that only five cyclic stress amplitudes of each state are selected to draw the S-lgN curve due to the high cost of time and raw material in experiments. The fatigue behavior can Figure 11 . Cyclic stress amplitude-logarithm of cycle numbers (S-lgN) curves for Ti-6Al-4V titanium alloy. When σ d + σ r (σ r is the residual stress, whereas σ d is the dynamic stress in the VSR) is larger than the yield limit of the material in the local position, micro-plastic deformation occurs, and the internal residual stress is redistributed. The residual stress magnitude then decreases with the formation of a new stress equilibrium [42] . Therefore, micro-plastic deformation and stress redistribution that occur during the VSR process are the main reasons for the decrease and homogenization of residual stress.
It should be noted that only five cyclic stress amplitudes of each state are selected to draw the S-lgN curve due to the high cost of time and raw material in experiments. The fatigue behavior can be better presented if more cyclic stress amplitudes are investigated. Besides, the results in this paper are basically effective on Ti-6Al-4V. The VSR effects on fatigue life vary with different metallic materials.
Conclusions
This study investigates the VSR effect on the fatigue life of Ti-6Al-4V. The dynamic stresses generated under different VSR amplitudes are initially measured, and then the relationship between the dynamic stress and vibration amplitude is obtained. VSRs with 0.03, 0.05, 0.1, and 0.2 mm amplitude and annealing treatment under typical process parameters are conducted on five specimen groups. Another specimen group without any treatment is employed for comparison. The residual stresses of each group are measured to study the stress relieving effects. Finally, the fatigue limits and S-lgN curves under different states are obtained by fatigue experiments. The following conclusions are drawn:
(1) The dynamic stress magnitude generated during the VSR process increases linearly with the amplitude increase. A higher amplitude is more conducive than the lower amplitude to the relief and homogenization of the residual stress of Ti-6Al-4V titanium alloy.
(2) VSR has a negative effect on the fatigue life of Ti-6Al-4V. The fatigue behavior decreased with the increase in the VSR vibration amplitude. When the VSR amplitude is less than 0.1 mm, the decrease in the fatigue limit is less than 2%. More than 50% of the surface residual stress and more than 67% of the average residual stress within 1 mm depth can be eliminated. The fatigue limit of the specimens treated by 0.2 mm amplitude VSR is decreased by 10.60%. Although the stress relieving effect is better, high amplitude VSR will lead to the decrease of Ti-6Al-4V fatigue life due to the defects generated during vibration. Low amplitude VSR can effectively relieve the stress with little decrease in fatigue life.
(3) Annealing treatment also decreases the fatigue life. The fatigue limit of the specimens that underwent annealing treatment is decreased by 8.52%. The S-lgN curve of the annealing treatment is generally lower than those of the VSRs with different amplitudes.
